We propose a complementary interpretation of the mechanism responsible for the strong enhancement observed in surface enhanced raman scattering (SERS). The effect of a strong static local electric field due to the Schottky barrier at the metal-molecule junction on SERS is systematically investigated. The study provides a viable explanation to the low repeatability of SERS experiments as well as the Raman peak shifts as observed in SERS and raw Raman spectra. It was found that a strong electrostatic built-in field at the metal-molecule junction along specific orientations can result in 2-4 more orders of enhancement in SERS.
Introduction
Since its discovery, [1] [2] [3] surface enhanced raman scattering (SERS) is progressively breaking new grounds and now even applied for the detection of more complex molecules and biologically relevant materials. 4 The single molecule detection capability 5, 6 has enhanced the prospect of using Raman probe in sensor application, 7-9 hazardous materials detection, 10,11 and more recently, probing biological structures. 12, 13 Over the years three possible mechanisms for enhancement in Raman scattering have been identified: 14 (i) the surface plasmon resonance in the metal particle (or electromagnetic mechanism), 2, 3, [15] [16] [17] [18] [19] (ii) a charge transfer resonance involving transfer of electrons between the molecule and metal energy level (or simply charge transfer mechanism), 16, [20] [21] [22] [23] [24] [25] [26] [27] (iii) resonance within the molecule itself. 14 The well-known electromagnetic (EM) mechanism can be described as follows: when the incident laser frequency (or wavelength) is in resonance with the plasmon mode of the nanoparticle, a large amount of energy can be "concentrated" by the nanoparticle. 28 Subsequently, the nanoparticle re-emits a portion of the EM energy by Mie scattering, thereby creating an intense surface field with very high energy density at or near the particle surface. In general, EM enhancement should amplify the Raman scattering nonselectively irrespective of type of molecules adsorbed on a particular surface. 29 However, the molecules CO and N 2 differ by a factor of 200 in their SERS intensities under the same experimental conditions. 26 Another interesting example is that of water. While many SERS studies are conducted in aqueous systems, there is rarely an enhancement in the Raman spectrum of water. These results cannot be explained by invoking only electromagnetic enhancement. Further, when the coupling of chemical enhancement effect of the nanoparticles is considered, the EM enhancement of SERS can be up to the order of 10 10 . 30 The huge enhancement factor (10 14 -10 15 ) as seen in many single-molecule experiments are normally attributed to the low concentration level of the analyte in SERS experiments and hence, mainly due to the difference in the number of molecules showing scattering in SERS as compared to bulk Raman. 31 However, the contribution from electromagnetic coupling and chemical binding are clearly inseparable in experiments due to the fact that the SERS detection itself depends on the electromagnetic enhancement process. 32 Thus the kind of charge transfer (CT) contribution in those high enhancement experiments (10 14 -10 15 ) is still unknown. In the charge transfer model, 33 an incident photon excites an electron from the metal surface into an adsorbed molecule, creating a negatively charged excited molecule. The molecular geometry of this excited molecule differs from that of the neutral species. This charge transfer induces a nuclear relaxation within the excited molecule, which results in the return of the electron to the metal surface, the creation of an excited neutral molecule, and the emission of a wavelength shifted (Raman) photon. 18 In principle, in the CT an adsorbed molecule can, under specific conditions, interact with a metal surface in such a way that there is a large increase in molecular polarizability (change), R. Further, it was shown experimentally that the charge transfer can occur in both directions (that is, metal cluster-to-molecule or molecule-to-metal cluster) depending on the relative energies of the metal Fermi level and the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) levels of the adsorbed molecule. 22 For example, molecules with low-lying unfilled π-orbitals (such as pyridine) experienced metal-to-molecule transfer, while those without low-lying unfilled orbitals (such as NH 3 or piperidine) tended to transfer electrons to the metal. 14, 22 It is also important to realize that the aforementioned three mechanisms are not independent of each other, but rather the total enhancement is due to the result of combine effect of one or more of the three mechanisms depending on the wavelength used in the experiment and the specific adsorbate and metal. 34 Even though it may not always be possible to separate these different mechanisms experimentally or theoretically, certain limits can be established where one mechanism is more dominating than the others. In fact, to isolate the CT enhance-ment, SERS has been studied for adsorbates on smooth surfaces, which are known to be incapable of supporting large surface plasmons. These studies showed only small (10 1 -10 2 ) enhancements. 35, 36 However, recent theoretical 37 as well as experimental 38, 39 studies has shown that under certain conditions the CT enhancement can be much larger than is usually predicted earlier. In addition, large SERS enhancements have also been observed for molecules interacting with small nanoclusters or nanocrystalline semiconductor surfaces, both of which are not expected to support plasmon resonances and thus should show only small EM enhancement. [40] [41] [42] However, the CT mechanism has been widely studied and fairly gives an intuitive picture of the chemical enhancement, it mostly relies on phenomenological parameters. 16, 24 In this context, it is increasingly important to understand the microscopic nature of SERS using first principle modeling. 43 It is now widely believed that the chemical bonding effects in SERS can be simulated just by considering the local environment of a molecule, which is also consistent with the adatom model. 26, 44 The adatom model assumes that the atomicscale roughness features determine the hot spots on a metal surface and invariably discount the electromagnetic enhancement due to the excitation of surface plasmons in the metal as well as the effect of interference between the chemical and the electromagnetic mechanism if any. Indeed, in such an approach the CT and EM effects enter in multiplicative fashion in the total enhancement factor. 45 Also, in most of the previous theoretical studies of SERS, only a few metal atoms were used to model the molecule/surface interaction. For example, Aroca et al. 46 did the simulation with just a single silver atom to mimic the chemisorption of phthalimide on a silver surface and obtained a reasonable agreement with experiments. Similarly, resonance Raman calculation, 47 SERS study of pyridine adsorbed on silver clusters, 34, 37, 48 and SERS simulation for benzenethiol adsorbed on Ag surface 44 have been performed with fair success by using a few tens of atoms. It has also been shown by using rigorous density functional theory (DFT) computation by using large surface unit cells that the ( 3 × 3) unit cell is sufficient to treat the single molecule adsorption of benzenethiol on Au (111) surface in the low coverage limit. 49 A full coverage can be defined as one thiol molecule per three Au surface atoms, which is consistent with our simulation approach. The STM experiments for structure of benzenethiol adsorbed on gold (111) showed surface coverage of about 0.306 for the benzenethiol molecule. 50 In this paper, simulations for chemical bonding effects on Raman scattering have been performed for benzenethiol using 1-3 gold atoms.
The various issues considered so far in the context of chemical enhancement includes the binding geometry of the adsorbate, 51 the effects of adsorption on various noble and transition metal surfaces, 52 the influence of positively charged atoms at the metal surface, 53 ,54 the effect of adsorbed chloride anions, 55 the effect of nonzero static electric fields, 56 and the solvent effects in the calculations. 57 Although there is clear evidence of the existence of a solid-liquid electrochemical interface (electric double layer) in all aqueous SERS experiment as well as metal-molecule interface in nonaqueous SERS experiments, there is no systematic study so far to elucidates these effects. It is also wellknown that the strong electric field present at such an interface perturbs the vibrational frequencies of the adsorbed species, the vibrational Stark effect (VSE). 1, 58 In addition, the electric field also changes the adsorbate vibrational line strength, the vibrational intensity effect (VIE). 59 , 60 Here we present a systematic study of both of these effects on a model SERS molecule, benzenethiol, by assuming an interfacial static electric field between metal-molecule interface whose magnitude and direction are taken as parameters of the model. The external static electric field can be seen as a perturbation to the system Hamiltonian. Our present computational approach is also motivated by the goal of interpretation of potential dependent SERS studies. 61, 62 In a recent experiment, an enhancement on the order of 10 5 -10 9 was observed upon application of external electric field to glutamic acid adsorbed on a Ag substrate. 63 The present study aims to provide a microscopic insight to any such studies and may lead to achieving applied electric field controllable SERS intensity module. To present a simplified picture of the metal-molecule interface, the molecule has been considered as a semiconductor (the justification is described below) and the magnitude of the static electric field so developed is calculated on the basis of the metal-molecule Schottky barrier mechanism.
Molecule as Semiconductor
Most organic materials are electrical insulators with values of electrical conductivity at room temperature in the range 10 -9 -10 -14 S cm -1 64 (10 9 -10 14 Ω cm resistivity). To obtain a larger conductivity and hence semiconducting behavior, the HOMO-LUMO gap needs to be reduced; this can be achieved with extensive π-bonding. This reduced band gap allows electrons to more easily jump between conduction and valence bands and gives rise to the semiconductive properties. 65 In crystalline semiconductor technologies, n-type and p-type refer to the type of dopant, and therefore majority carrier, in a semiconductor. In crystalline materials both holes and electrons can usually be transported reasonably well. It is, nevertheless, common in the literature to refer to hole transporting disordered (doped) semiconductor materials as p-type and electron transporting materials as n-type because this describes their majority carriers and semiconducting behavior.
On the other hand, aromatic rings contain alternating single and double bonds that lead to overlapping p-orbitals, which form π-bonds. In π-bonds, electrons delocalize and are shared between the atoms on the ring's backbone. Similar to conduction due to a delocalized "sea of electrons" in metals, free movement of delocalized π-electrons in organic compounds allows organic molecules to conduct electricity and behave as semiconductors. 66 Then how to distinguish p-type or n-type organic semiconductor? In view of the popular organic semiconductor field, electronrich conjugated polymers are termed as p-type and electronpoor ones are termed as n-type. 67 For example, in benzenethiol, the hydrogen atoms which surround the carbon backbone are less electronegative than the carbon backbone itself and lend some electron density to the delocalized π-electron cloud. The electron rich conjugated molecule has difficulty accepting another electron but is able to lose an electron with relative ease. As a consequence, positive charge carriers are expected to dominate transport in benzenethiol molecule. 66 In other words, molecules involving π-conjugation have high HOMO levels and exhibit electron-donating properties. Hence, these molecules are good candidates for p-type semiconductors. 68 However, it should be recognized here that the view of holes and electrons π-orbital molecule as free carriers is rather simplistic. It allows us to make some general predictions about the trends in energy levels if we use it carefully but may not extend well to all polymers. 66 It should also be recognized that the expected carrier mobility in such organic semiconductor is typically low (∼1 cm 2 V -1 s -1 ) as compared to traditional inorganic semiconductors (for silicon crystal ∼300-900 cm
Metal-Molecule Interface
It is well-known that a potential barrier known as a Schottky barrier forms at a metal-semiconductor junction 69, 70 and the built-in electrostatic field strength can be as high as a few volts per angstrom. The formation of a Schottky barrier between a metal electrode and organic electronics materials has been extensively studied both theoretically [71] [72] [73] and experimentally [74] [75] [76] [77] in recent years. In addition, the application of SAMs (selfassembled monolayers) of π-conjugated thiols for singlemolecule electronics have been extensively studied. 78 Herein we assume the benzenethiol molecule is equivalent to a highly doped p-type semiconductor and the gold-benzenethiol junction is equivalent to a metal-semiconductor Schottky barrier junction, as shown in Figure 1a . Providing a self-assembly monolayer coverage of 6. , where ε s is the permittivity of benzenethiol molecule, φ s is the surface potential, q is the fundamental electric charge. The maximum surface potential φ s is approximated as half of the energy band gap of the benzenethiol molecule, which is about 2 eV. Taking the relative permittivity (ε r ) of benzenethiol as 4.38 81 the depletion width of our system was thus found to be 2.88 Å. The built-in electric field was calculated using the simple relation E 0 ) (q/ε)WN D and found to be 1.41 V/Å. It should be noted that this estimated electric field strength is the maximum value and the real built-in electric field should be slightly lower than this value. Figure 1b displays the schematic of the energy-band diagram of a gold/benzenethiol Schottky junction, using the parameters obtained in our analysis. The work function of Au is 5.3 eV, 82 the ionization potential (IP) of benzenethiol is 8.32 eV. 83, 84 The band gap of benzenethiol was calculated to be 4.1 eV. The difference between the Fermi energy of the metal and HOMO (highest occupied molecular orbital) is known as HIB (hole injection barrier) and the difference in the Fermi level and that of the LUMO (lowest unoccupied molecular orbital) of the organic molecule is known as EIB (electron injection barrier). 71, 77 In the present study HIB is calculated to be ∼2.06 eV and EIB is calculated to be ∼2.04 eV. Now, the interface between metal and organic semiconducting layers can be described with the help of screening parameter (S parameter) 85 which is defined as S ) dφ B P /dφ m , where φ m and φ B P denote the work function of the metal and the barrier height for carrier injection at the interface for holes (HIB), respectively. S ) 0 corresponds to the so-called Bardeen limit for which Fermi level pinning occurs. Similarly, S ) 1 corresponds to an ideal Schottky barrier at the interface (Schottky limit). 86 For metal-organic molecule interfaces formed by chemical bonds, it is reasonable to interpret the Bardeen limit as the situation where strong orbital interactions between frontier orbitals of metals and the HOMO of a molecule occurs and the Schottky limit as the situations where weak orbital interactions occurs between them. In other words, when molecules have large energy gaps between the HOMO and the LUMO, as in the present study, the Schottky limit holds well. 86 In fact the value of S was calculated to be 0.5 experimentally for Au and benzenethiol system. 86 Again the density of states D(E F ) of interfacial electronic states can be calculated using the relation, S ) (1 + e 2 δD(E F )/ε) -1 , [85] [86] [87] where e, δ, and ε denote the elementary charge, width of the metal-molecule interface, and dielectric constant, respectively. Taking δ and ε to be 5.7 and 4.38 Å for benzenethiol 81 respectively, D(E F ) is estimated to be 4.2 × 10 13 states/(cm 2 · eV), which is less than 20% of the density of states of Au at the Fermi level. 88 Even though small, the existence of a finite density of states for the frontier orbitals of the molecule near the Fermi level indicates that electrons pass through hybrid orbitals composed of frontier orbitals of the metal and molecule supporting the charge transfer mechanism.
Computational Approach and Details
Using a simple model, we have estimated the built-in electric field of the order of few V/Å. The effect of such a high built-in electric field on the molecular conformation and electronic and vibrational properties was probed using a quantum mechanical simulation. The theoretical simulations were performed using density functional theory (DFT) implemented in the Amsterdam density functional (ADF) program package.
89,90 DFT methods are based on the Hohenberg-Kohn theorem, which states that the ground state electronic energy of a molecule can be expressed exactly as the electron density of the molecule. The Becke-Perdew (BP86) XC-potential 91, 92 and a triple-polarized slater type (TZP) basis set from the ADF basis set library were used in our simulation. For a metal adsorbed molecule, a frozen core was chosen for Au during the vibrational frequency calculation to reduce the computational time. The zeroth-order regular approximation (ZORA) was employed to account for the scalar relativistic effects. For neat benzenethiol calculation, a large core without relativity and with an integration accuracy of 4.0 was used. The SCF convergence criterion was kept at Frequencies preset were run in the ADF-GUI mode to obtain the Raman frequencies. Automatic electron smearing (in the case of problematic SCF convergence) was disabled. All frequency calculations are run after geometry convergence is achieved. The polarizability derivative and Raman frequencies are calculated internally by the ADF-GUI module (no external numerical calculation was performed). The validity of using DFT and ADF for quantum mechanical SERS calculation has already been proven by many researchers. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Further, in the present study, the validity of our results has been checked by comparing the computational results for the Raman as well as SERS spectra with the experimental results. The details of the experiments have been given elsewhere. 93 The simulated results match fairly well with the experiments, as shown in Figure 2 .
Comparison of results obtained from DFT study with experiments for neat Raman is shown in Figure 2a . Similarly, the result for SERS spectra of benzenethiol calculated by DFT simulation and obtained from experiment is shown in Figure  2b . Clearly the characteristics peaks observed in the experiments are captured by the DFT simulation.
Results and Discussion
The polarization effect of SERS has already in observed in single molecule experiment 5 and recently been verified with a computational model. 94 Here, we investigate the effect of builtin electric field direction on the Raman scattering process. To model such a system, first a static electric field is applied on the benzenethiol molecule along various directions to simulate the built-in field of Schottky barrier developed at the metalmolecule junction. The molecular conformation under different conditions is found through the energy minimization process in each case. Here, all the directions are related to the molecular coordinates and hence positive Z-direction should be normal to the benzene ring structure. Figure 3a shows the deformation in chemical bond length of benzenethiol molecule due to application of electric fields. In general, it was found that the extent of the bond length change is proportional to the built-in electric field. Depending on the relative orientations between the molecule and the built-in electric field, different trends are shown for the length change of various chemical bonds such as the carbon-sulfur bond and carbon6-sulfur bond. The largest change in bond length and dihedral angle was seen when the built-in field was perpendicular to the benzene ring (positive Z-direction). The dihedral bond angle also changes as shown in Figure 3b . One can clearly see that the built-in field leads to a large variation in bond length and dihedral angle at specific orientations. To emphasize the change in bond orientation and length under application of electric field, the actual conformation of benzenethiol molecule is shown as obtained from our simulation in Figure 3c . The molecular conformation change will inherently induce dipole moment and polarizability changes since the interatomic distance and angle are altered (please see the Supporting Information). The direct correlation between the built-in electric field and the polarizability derivative of two dipoles in benzenethiol molecule is shown in Figure 3d . These two dipoles correspond to the vibrational modes at 403 and 1573 cm -1 , respectively. The trend in the change of bond length and change in the polarizability is consistent with other theoretical prediction.
37,44
The close-up of the peaks is also shown in the inset. The large enhancement of a peak in particular direction can be assigned to the largest change in the polarizability derivative in that direction. In the particular case shown here, for example, the largest change in polarizability derivative for 403 cm -1 peak is in the +Z direction (perpendicular to benzene ring) and, hence, the largest enhancement one could see for that peak is in the +Z direction. Similarly, for 1573 cm -1 peak, the largest change in polarizability derivative observed was in the +X direction (parallel to benzene ring structure). That is why the largest enhanced 1573 cm -1 peak corresponds to electric field applied in the +X direction. For a similar molecule, pyridine, Arenas et al. 95 found experimentally that the modes at 410, 598, 1204, and 1573 cm -1 show the strongest dependence on the electrode potential. The theoretical TDDFT simulation for benzenethiol adsorbed on silver cluster shows a similar trend, 44 which is in agreement with current simulation results.
The graphical explanation for the effect of a built-in field at the Schottky barrier on the molecular dipole moment is shown in Figure 4 . The molecular quantum states can be described on the basis of the Born-Oppenheimer separation of nuclear and electronic degrees of freedom. The electrons are much lighter than nuclei and can adjust rapidly to the instantaneous nuclear configuration (which is also known as the Franck-Condon principle). Therefore, molecules are characterized by "potential energy surfaces" (plots of energy versus internuclear separation) and there is a separate surface for each electronic configuration. 96 Figure 4 shows schematically that there must be an intermediate state created due to adsorption of benzenethiol to gold atoms as the excitation incident wave (532 nm or 2.33 eV) is far below the purely intramolecular electronic transitions level (4.1 eV), which is also supported by a recent theoretical model. 44 The increase in polarizability derivative (and subsequent enhanced Raman intensity) can be explained by the large change in the dipole moment due to a change in molecular conformation (and an increase in the bond length as shown in Figure 4) (please see the Supporting Information for more details). The increased dipole moment (p ) qd) is depicted by a larger separation of two charges described by red and blue colors as observed for the HOMO level of benzenethiol. Since the polarizability of the molecule is related to the vibrational coordinates and the dipole moment, an increased in polarizability is expected. We also observed an increase in the absolute polarizability derivative (modulus of the polarizability derivative) along with increase in dipole moment (Figure 3d) . The Raman scattering crosssection is proportional to the square of polarizability derivative (dσ/dΩ) ∝ (dR/dr) 2 . 97 Hence, an increase in Raman scattering cross-section is expected as a result of a large change in the polarizability derivative even in the absence of an electronic transition.
The metal-molecule Schottky barrier also induces the change of energy band gap of a benzenethiol molecule. As shown in Figure 5 , the band gap of an isolated benzenethiol molecule is in the ultraviolet region, which makes the electronic level transition forbidden for visible excitations. The Fermi (HOMO) level of gold is somewhere in the middle of the molecule energy band gap. The energy difference between gold Fermi level and HOMO of an isolated molecule shows the viability of charge transfer scheme where charges can transfer from a metal atom cluster to the molecule or from the molecule to the metal cluster. Due to attaching gold atoms the density and number of accessible states in the hybrid system increase. In addition, the band gap shrinks due to the attachment of gold atoms that may make it possible to induce resonance Raman for visible excitations. It should be noted that the band gap of benzenethiol calculated in the present study is 4.092 eV, which is in close agreement with the value of 4.027 eV calculated by Morton and Jensen. 34 Similarly, the band gap calculated in the present study for benzenethiol with three gold atoms configuration is 0.75 eV whereas for a similar system the value calculated by Letardi and Cleri 98 was 0.76 eV. The prediction of shrinking band gap due to adsorption is also in good agreement with the theoretical study by Saikin et al. 44 for benzenethiol adsorbed on a silver cluster. The built-in electric field further shrinks the band gap, increasing the probability of transition to higher excited states and further enlarging the Raman scattering crosssection.
The reason for shrinkage of the band gap (Figure 6a ,b) due to adsorption to metal atoms can be described as follows. The ionic cores in the metal are assumed to give rise to a square potential well for the electrons and all states are filled up to the Fermi level, E F . 71 The energy difference between E F and the potential energy of an electron in the vacuum above this hypothetical surface, U vac , is generally referred to as the intrinsic work function, Φ′ (or chemical potential), of the metal (e.g., for gold it is 5.3 eV) (Figure 6c ). However, because the potential well is not infinitely deep, there is always a finite probability of finding electrons outside the potential well; that is, electron density is "leaking out" from the metal into the vacuum. 99 Consequently, a dipole layer is formed with a positively charged region below the surface (red region) and negatively charged region (light blue) just outside the metal surface. This dipole layer is commonly referred to as the surface dipole and gives rise to a potential step across the metal surface (Figure 6d ). 71 The surface dipole raises U vac directly above the metal surface relative to E F and leads to the obserVed work function, Φ, of the metal surface. 99 Now when a benzenethiol molecule appears near the metal surface, there exists a mismatch of ionization potential (IP ∼ 8.32 eV)) of the molecule and the work function of metal (∼5.3 eV). As we pointed out earlier, this will lead to a Schottky barrier that will give rise to a built-in electric field directed from metal surface to the organic molecule. The developed electric field will oppose further leakage of electrons from the metal.
So even for a weakly interacting (physisorbed or van der Waal interacting) species or for a strongly interacting (covalent bonded) species, the electron cloud leaking out of the metal surface is pushed back into the metal (Figure 6e) . 100 This pushback (or pillow) effect always contributes to reduce the surface dipole and lower U vac relative to E F and, consequently, leads to a reduced work function, Φ mod , of the sample. 71 The amount by which the surface dipole is reduced is generally known as the interface dipole. 71 The interface dipole is expected to lower the LUMO level of the organic molecule too. In the present study we have observed a reduction of ∼2.54 eV for the benzenethiol LUMO level. In addition, an interface dipole with its negative pole pointing toward the organic layer and its positive pole toward the metal is expected to increase the metal work function (i.e., decreases the Fermi energy) and increases the HOMO energy of the organic layer by adding an electrostatic energy; 101 as a result, the hole injection barrier (HIB) should be reduced (Figure 6b,e) . In fact, in our simulation, we have observed an increase of 1.37 eV for the HOMO level of benzenethiol up on conjugation to gold, which reduces the HIB from 2.06 eV before conjugation to 0.69 eV after conjugation.
To elucidate the effect of magnitude of built-in electric field on Raman intensity, the Raman scattering spectra are simulated by calculating the Raman intensity as the function of applied electric field. Figure 7 shows that with application of a local built-in electric field of 1.028 V/Å (which is slightly lower than the theoretical electric field calculated earlier using simple model), one extra order of Raman enhancement was achieved in addition to the enhancement from the gold atom attachment. This shows that a built-in electric field can actually bridge the gap between high enhancement experimental observations and previous theoretical simulations. In fact, with an application of a high built-in field of 2.570 V/Å we achieved a 2-4 more orders of enhancement (please see Supporting Information), which points to the importance of a metal-molecular junction for the potential 10 14 Raman enhancement.
Effect of Direction of Electric Field
The intensity of a vibrational mode is proportional to the square of scalar product of the electric field and the dipole moment derivative of the mode (dµ b/dQ) as 102 where is the angle between electric field, E b and dµ b/dQ. This shows that there is a strong dependence of Raman peak intensity to direction of the electric field. In fact, in our DFT simulation, we observed that applying the electric field in a direction parallel to the aromatic ring decreases the SERS enhancement, as shown in Figure 8 . Further, aligning the electric field in gold-sulfur bond direction improved the signals. Finally, application of an electric field perpendicular to the aromatic ring further increases SERS enhancement. This concludes that molecular orientations relative to the built-in electric field in the junction dictate in this enhancement mechanism. The reorientation of a molecule relative to the surface due to changes in the electrode potential has been reported by Moskovits et al. 103 Subsequent detailed study using high resolution electron energy loss spectroscopy (HREELS) by Wan et al. 50 for benzenethiol adsorption to the Au (111) surface further confirms our hypothesis that molecular orientation relative to the built-in electric field plays an important role in the charge transfer mechanism in SERS.
Vibrational Shift in SERS
In general, all the Raman peak positions in SERS spectra are never consistent with those of the original Raman spectra. 44, [104] [105] [106] [107] The frequency shifts of seven commonly observed modes in benzenethiol are compared to experimental SERS and DFT calculated data in Table 1 . The values of the vibrational frequencies (termed as freq PhSH) are taken for neat benzenethiol from our experiments. 93 The vibrational band at ω 1 ) 1005 cm -1 is assigned to the ring breathing mode ( CCC ) Figure 5 . Density of state plot for isolated benzenethiol (BT), for the molecule adsorbed on one gold atom, and for when built-in electric field is applied to molecule adsorbed on the gold atom. (please see the Supporting Information for the movies), and the band at ω 2 ) 1032 cm -1 corresponds to a ring deformation mode ( CH ). The C-S stretching mode ( CCC + V CS ), is given at ω 3 ) 1099 cm -1 while the computed Raman band at ω 4 ) 1584 cm -1 is associated with a totally symmetric ring stretching mode (V CC ). The other important modes are ω 5 ) 420 (V CS + CCC ), ω 6 ) 705 ( CCC + V CS ), and 922 cm -1 ( SH ). Note that the 922 cm -1 mode generally disappears in SERS spectra due to thiolate bond formation. The large shift in the C-S stretching mode (1099 cm -1 ) in SERS can be attributed to the proximity effect as the vibrational mode is strongly enhanced by the interaction with the Au cluster. 44 As described above, the C-C bond stretch mode on the aromatic ring was observed at 1584 cm -1 in the original Raman spectrum, which is consistent with our DFT simulation results. In a parallel SERS experiment reported in the paper, 93,107 the SERS peak for the same mode was observed at 1573 cm -1 . Apparently, the Raman peak position shifts in the SERS spectrum in comparison with the original Raman spectrum. Although with only one gold atom conjugation there is a shift of Raman peak position in our simulation from 1584 to 1560 cm -1 , it is not consistent with the experimental observation,
where it shifts to 1573 cm -1 . On the other hand, with including the built-in electric field effect (1.028 V/Å) in our DFT simulation we observed the SERS peak at 1573 cm -1 , which exactly matches with the experimental observation ( Figure 9) . Similarly, the large enhancement of the 420 cm -1 peak ( CCC + V CS ), is obtained in our simulation only after taking into account of the metal molecular Schottky junction (Figure 9 ), which is also consistent with the experimental observations 93, 107 and theoretical prediction. 44 Finally, Figure 10 shows the vibrational shift observed in our DFT simulation when we an applied electric field of different magnitudes perpendicular to the ring structure. The plot is shown for a characteristic peak of 1573 cm -1 and corresponds to the case when the benzenethiol molecule is not attached to any gold atom (so this will discount any interference of charge transfer from the gold cluster and thus represents the effect purely due to electric field only). We observed a closely linear fall of vibrational shift of ring stretching mode (V CC ) with electric field and the stark tuning rate was calculated to be 13.2 cm -1 /(V/Å). In fact, this value is very close to the vibrational shift observed (which ranges from ∼10 to 13 cm -1 ) in many SERS experiments for this particular characteristics peak. [105] [106] [107] In spite of not having enough statistics to prove our hypothesis, the results clearly points to a possible role of electric field of strength ∼1 V/Å. In addition, though the accuracy and precision of DFT is in doubt, 108 still the correct trend of vibrational shift can be inferred from the present simulation. Since the inclusion of builtin electric field contribution leads to correct prediction of Raman peak shifts, we believe that the built-in electric field is playing an important role in SERS process.
Conclusion
In summary, we have performed a quantum mechanical simulation to study the effect of built-in electric field due to a Schottky barrier formed between the molecule monolayer and metallic SERS substrate. We found that the application of a built-in electric field changes the bond lengths and dihedral angles which lead to an alteration in the dipole moment. Further, this built-in field also causes a modification in the polarizability and polarizability derivatives of the molecule, which are mainly responsible for the drastic change in scattering cross-section observed in SERS. We have also shown that the order of enhancement that can be obtained in Raman scattering cross section is highly dependent on the direction of the built-in electric field. This helps to explain the nonrepeatability of many SERS experiments. Finally, adding a strong electrostatic builtin field can result in 2-4 more orders of enhancement in SERS for benzenethiol molecules. 
